The aim of this study was to examine the effects of negative pressure wound therapy (NPWT) on wound edge microvascular blood flow, comparing different wound fillers. Wounds were created on the backs of 7 pigs. NPWT was applied, using either foam or gauze, at Ϫ50,Ϫ75, Ϫ100, Ϫ125, Ϫ150, or Ϫ175 mm Hg. Microvascular blood flow was measured in muscle tissue, subcutaneous tissue, and in the wound bed, at 0.5, 1, and 2.5 cm from the wound edge, using laser Doppler velocimetry. Similar patterns of blood flow response were observed when using foam or gauze. At 2.5 cm from the wound edge there was an increase in microvascular blood flow, while blood flow was decreased closer (0.5 cm) to the wound edge. The blood flow effects were similar at the different levels of negative pressure in muscle tissue, subcutaneous tissue, and in the wound bed. Altered microvascular blood flow to the wound edge may be one of the mechanisms by which NPWT facilitates healing.
N egative pressure wound therapy (NPWT) has remarkable effects on the healing of chronic and difficult wounds. 1, 2 The technique entails application of negative pressure to a sealed, airtight wound. The suction force created by the subatmospheric pressure enables drainage of excessive fluid and debris and also induces mechanical deformation of the wound edge tissue. These actions are thought to initiate a cascade of inter-related biologic effects resulting in granulation tissue formation and wound healing. [3] [4] [5] One of these biologic effects is altered wound edge microvascular blood flow. In wounds on the back of pigs, it was first shown that blood flow increased 4 times above the baseline values when a pressure of Ϫ125 mm Hg was applied. 4 Likewise, in healthy intact forearm skin, blood flow increased by application of negative pressure. 6 Wound edge microvascular blood flow was examined in more detail using laser Doppler velocimetry in porcine sternotomy and inguinal wounds, using different negative pressures (Ϫ50 to Ϫ200 mm Hg). 7, 8 The blood flow effects were shown to vary with the distance from the wound edge. 7 Deep in the wound edge tissue (2.5 cm from the wound edge), blood flow increased upon negative pressure application. Conversely, in superficial tissue (0.5 cm from the wound edge), NPWT resulted in hypoperfusion. 7, 8 This combination of hyper-and hypoperfusion of the wound edge tissue may be one of the mechanisms by which NPWT accelerates wound healing.
Currently, the most commonly used wound filler material, for NPWT, is open cell polyurethane foam. 1 This material has, to our knowledge, been used for all published studies about wound edge microvascular blood flow and angiogenesis during NPWT. 6 -14 Recently, other wound fillers, such as medical gauze, have become commercially available. 15, 16 The effect of medical gauze and NPWT on wound healing was recently analyzed in a retrospective clinical evaluation of 30 patients. 17 The overall rate of volume reduction was shown to compare favorably with previously published results from polyurethane foam-based NPWT systems. However, experimental data, with direct comparisons of the physical properties of foam and gauze, are scarce.
The aim of the present study was to compare the effects of NPWT on wound edge microvascular blood flow, using a polyurethane foam or medical gauze. We used an in vivo porcine wound model that has a large surface area and is a relatively shallow wound that is typical of those that might result from traumatic injury or decubitus ulcers that are frequently treated with NPWT. Microvascular blood flow was measured using laser Doppler velocimetry immediately upon application of NPWT at Ϫ50, Ϫ75, Ϫ100, Ϫ125, Ϫ150, or Ϫ175 mm Hg after the attainment of a steady state in tissue movement. Particular attention was paid to the nature of the tissue: muscle, subcutaneous or wound bed, and the distance from the wound edge.
MATERIALS AND METHODS

Animal Care
Seven domestic Landrace pigs with a mean body weight of 70 kg were fasted overnight with free access to water. The study was approved by the Ethics Committee for Animal Research, Lund University, Sweden, which conforms to the principles outlined in the Declaration of Helsinki. All of the animals received humane care in compliance with the Guide for the Use and Care for Laboratory Animals as promulgated by the council of the American Physiologic Society and published by the National Institutes of Health, 1985.
Anesthesia and Surgery
An intramuscular injection of ketamine (Ketaminol vet 100 mg/mL; Farmaceutici Gellini SpA, Aprilia, Italy) 15 mg/kg body weight, in combination with midazolam (Dormicum, 1 mg/mL, Roche, Stockholm, Sweden) at a dosage of 0.1 mg/kg and xylazine (Rompun vet. 20 mg/ml; Bayer AG, Leverkusen, Germany) 2 mg/kg, was used for premedication. Anesthesia was induced by continuous intravenous infusion of propofol (Diprivan 20 mg/mL; Astra Zeneca, London, UK) at a dosage of 0.1 to 0.2 mg/kg/min in combination with intermittent fentanyl (Leptanal; Lilly, Suresnes, France) and atracurium besylate (Tracrium; Glaxo, Täby, Sweden) at doses of 0.02 g/kg and 0.2 to 0.5 mg/kg, respectively. A ventilator (Servo-Ventilator 900, Elema-Schönander, Solna, Sweden) was used for mechanical ventilation. The same settings were used for all animals: volume-controlled, pressure-regulated ventila-tion, 8.5 L/min, 15 breaths/min, and an inhaled oxygen fraction of 35%. A continuous Ringers acetate infusion was maintained throughout the experiment and a suprapubic catheter was inserted into the urinary bladder. Animals were laid on the side and circular full thickness wounds were created on the paravertebral area of the back, penetrating into the muscle. The wound were 5 cm in diameter and 2-cm deep. Data from foam or gauze filled wounds were collected from the same wounds but the order of measurement was varied. Wounds were kept moist between measurements by means of saline soaked gauze. Temperature was monitored and maintained at 37°C. After the experiments, the animals were euthanized by injection of a lethal dose of potassium.
Application of Negative Pressure
Negative pressure was delivered by a specially designed Test rig. Each rig comprised linear drive vacuum pumps and associated flow meters, vacuum sensors, solenoid, and proportional control valves and a general purpose microprocessor board connected to the sensors, valves and pumps through a bespoke input/output board. System operation, adjustment/calibration, and data-logging were managed by a pair of laptop computers connected to the general purpose microprocessor board via RS232C and terminal emulators. The apparatus was configurable to control and measure from a variety of source locations, at data-log rates from 0.25 to 60 seconds, and at pressure/vacuum levels between ϩ50 and Ϫ200 mm Hg.
Wound filler (polyurethane foam or gauze) was placed in the wound cavities according to clinical recommendations for use. Polyurethane foam (VAC black GranuFoam, KCI, San Antonio, TX) was applied by cutting the foam to the correct shape according to the manufacturer's clinical protocol. Drainage tubes were connected to the foam dressing by means of a TRAC-pad (KCI). Gauze (Kerlix, Tyco, Gosport, UK) was moistened with saline and placed in the bottom of the wound. A Jackson-Pratt wound drain was placed within the wound cavity along with the moistened gauze. This method of NPWT application is also known as the Chariker-Jeter method. 18
Laser Doppler Velocimetry
Microvascular blood flow was measured using laser Doppler velocimetry, with a multichannel PeriFlux System 5000 (Perimed, Stockholm, Sweden). Laser Doppler velocimetry is a technique that quantifies the motion of red blood cells in a specific volume, and has been applied extensively to measure blood flow in flaps during plastic surgery procedures. 19 In this method, a fiberoptic probe carries a beam of laser light. Light reflected from moving blood cells undergoes a change in wavelength (Doppler shift) while light reflected on static objects is unchanged. The magnitude and frequency distribution of these changes in wavelength are directly related to the number and velocity of the blood cells. The information is collected by a returning fiber, converted into an electronic signal, and analyzed. For the current experiments, 0.5-mm filament probes (Probe 418 -1, Perimed) was used to measure microvascular blood flow in muscle and subcutaneous tissue. A Venflon infusion cannula was used to gain assess to the tissue. The filament probe was inserted through the cannula and then the cannula was removed, leaving the filament probe in place. The filament probe was then connected to the laser Doppler equipment. The filament probes were placed as follows ( Fig. 1 ):
In subcutaneous tissue (referred to as "subcutaneous tissue"), 0.5, 1, and 2.5 cm from the wound edge. In muscle tissue, in the side of the wound (referred to as "muscle tissue"), 0.5, 1, and 2.5 cm from the wound edge. In muscle tissue in the bottom of the wound (referred to as "wound bed"), 0.5, 1, and 2.5 cm from the wound edge.
Negative pressure was applied and blood flow was recorded after stabilization, which typically occurred within 2 minutes. The negative pressure was thereafter discontinued. In areas of hypoperfusion during NPWT, reactive hyperemia may follow. 8 Blood flow is known to return to baseline values within 10 minutes 8 and this time was therefore chosen between the different pressure applications. One experiment typically lasted for 5 hours. Previous results show no blood flow effects when measured 5 cm from the wound edge, using laser Doppler. 7, 8 
Calculations and Statistics
All experiments were performed using 7 pigs. The output was continuously registered using PeriSoft software (Perimed). Microvascular blood flow results were obtained as "perfusion units" and the percent change (% change) from baseline upon negative pressure application was calculated. The sequence of applying the different levels of negative pressures was randomized. The sequence of 
RESULTS
Blood Flow at 2.5 cm From the Wound Edge
NPWT induced an increase in the wound edge microvascular blood flow at 2.5 cm from the wound edge ( Figs. 2-4 ). There was no difference in the blood flow increase when comparing NPWT using foam with NPWT using gauze (19% Ϯ 7% for gauze and 27% Ϯ 9% for foam in subcutaneous tissue at Ϫ75 mm Hg, P ϭ n.s., n ϭ 7). Similar increases in blood flow were observed in the different tissues studied (19% Ϯ 7% in subcutaneous tissue, 15% Ϯ 9% in muscle tissue, and 13% Ϯ 5% in the wound bed for NPWT at Ϫ75 mm Hg, using gauze, P ϭ n.s., n ϭ 7). Furthermore, the increase in blood flow was the same for the different negative pressures applied (subcutaneous tissue; 19% Ϯ 7% at Ϫ75 mm Hg, 16% Ϯ 5% at Ϫ125 mm Hg, and 15% Ϯ 5% at Ϫ175 mm Hg, for NPWT using gauze, P ϭ n.s., n ϭ 7). 
Blood Flow at 0.5 cm From the Wound Edge
In immediate proximity to the wound edge (0.5 cm from the wound), microvascular blood flow decreased after application of There was no difference in the blood flow decrease when comparing NPWT using gauze with NPWT using foam (Ϫ18 Ϯ 5% for gauze and Ϫ36 Ϯ 8% for foam in subcutaneous tissue for NPWT at Ϫ75 mm Hg, P ϭ n.s., n ϭ 7). Similar decreases in blood flow were observed in the different tissues studied (Ϫ18% Ϯ 5% in subcutaneous tissue, Ϫ23% Ϯ 5% in muscle tissue, and Ϫ29% Ϯ 3% in the wound bed for NPWT at Ϫ75 mm Hg, using gauze, P ϭ n.s., n ϭ 7). Furthermore, the decrease in blood flow was the same for the different negative pressures applied (subcutaneous tissue; Ϫ18% Ϯ 5% at Ϫ75 mm Hg, Ϫ23% Ϯ 5% at Ϫ125 mm Hg, and Ϫ23% Ϯ 7% at Ϫ175 mm Hg, for NPWT using gauze, in subcutaneous tissue, P ϭ n.s., n ϭ 7).
For results and representative examples, see Figures 2-4.
Blood Flow at 1.0 cm From the Wound Edge
At 1 cm from the wound edge, the response varied from wound to wound (animal to animal) and both increases and decreases in blood flow were recorded. For results see Figures 2 and 3 . There was a suggestion that the reduction in wound bed blood flow penetrated into deeper tissues under polyurethane foam than under gauze, but overall, it appears that 1 cm away from the wound edge is a zone of transition between the stimulation of blood flow found 2.5 cm from the wound edge and the definite reduction in blood flow at 0.5 cm.
Blood flow did not immediately return to baseline values when the negative pressure was alleviated, suggesting reactive hyperemia (see Fig. 5 for a representative example). This effect was most prominent at superficial sites in the wound edge (0.5 cm), where hypoperfusion was observed during NPWT (see earlier discussion).
DISCUSSION
The present study shows that NPWT affects the microvascular blood flow in the wound edge regardless of the type of wound filler (foam or gauze). A distinctive pattern of hypo-and hyperperfusion can be observed during negative pressure application and this combination may account for some of the biologic effects by which NPWT facilitate granulation tissue formation and wound healing.
Hyperperfusion
NPWT induced an increase in microvascular blood flow at 2.5 cm from the wound edge. At this distance, NPWT has previously been shown to have the most prominent blood flow stimulating effects when using polyurethane foam. 7, 8 The increase in blood flow may be a result of mechanical pulling of the tissue by negative pressure that may open up vascular beds. Indeed, earlier experimental studies have shown that small arterioles and capillaries in the wound edge tissue open up upon application of negative pressure. 9, 12 The blood flow stimulating properties of NPWT may be important to ensure adequate oxygenation and nutrient supply and removal of waste products from the healing wound. 20 Also, increasing blood flow may facilitate the penetration of antibiotics to the otherwise poorly perfused tissue.
Hypoperfusion
The present study shows that close to the wound edge (0.5 cm into the tissue), microvascular blood flow decreases after application of subatmospheric pressure. It may be speculated that NPWT results in compression of the wound edge tissue. Indeed, recent results show a positive pressure in superficial tissues in the wound edge (not published). Furthermore, laser Doppler experiments show decreases in microvascular blood flow at positive pressures of 37 and 50 mm Hg in compressed tissues in models for pressure ulcer prevention (not published). The current study shows slightly reduced microvascular blood flow, that is, hypoperfusion, but there were no signs of ischemia, which would occur if blood flow was totally occluded. A marginal zone of hypoperfusion, as shown in this and other studies, 7,8 may be beneficial since this may stimulate angiogenesis and granulation tissue formation. Another beneficial effect of the pressure against the wound wall by NPWT may be to tamponade superficial bleedings during surgical procedures. 21 As described above, the present study shows that deep in the tissue (2.5 cm from the wound edge) there is a clear increase in blood flow and in superficial layers of the tissue (0.5 cm from the wound edge) there is a decrease in blood flow. At 1 cm from the Representative examples of microvascular blood flow changes after negative pressure wound therapy (NPWT) application (black arrow) at Ϫ75 mm Hg, using gauze or polyurethane foam. Recordings were made in subcutaneous tissue, at 0.5 and 2.5 cm from the wound edge. Note that that similar blood flow effects are seen during NPWT application using gauze or foam. Blood flow is decreased in the superficial tissue (0.5 cm from the wound edge), and increased deeper in the tissue (2.5 cm from the wound edge), when negative pressure is applied.
FIGURE 5.
Representative examples of microvascular blood flow after negative pressure wound therapy application. The recording is from subcutaneous tissue, 0.5 cm from the wound edge. Note that the blood flow is first decreased upon negative pressure application and then, after the vacuum source has been turned off, does not return to baseline values and instead increases, suggesting reactive hyperaemia as a consequence of previous hypoperfusion.
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Similar Effects of NPWT When Using Gauze and Polyurethane Foam
The present study shows that NPWT affects the microvascular blood flow in the wound edge regardless the type of wound filler (foam or gauze). The reason why the blood flow effects are similar when using foam and gauze cannot be deduced from the present study. However, we have in a recent publication shown that gauze and foam are equally effective at delivering negative pressure to the wound and at creating mechanical deformation of the wound edges. 22 Presumably, these mechanical effects of NPWT are crucial to alter blood flow in the wound edge.
The present results, showing similar blood flow effects regardless of the wound filler type, may have clinical implications. Foam is a frequently employed wound filler material in clinical practice. It has had excellent clinical outcomes and has an open pore structure for optimal pressure transduction. It also has a large capacity to remove fluid. However, growth of granulation tissue into the pores of the foam, is a recognized clinical problem and many clinicians use a wound contact layer to prevent tissue growth into foam which causes tissue disruption on removal. 23 Gauze may be advantageous in that it is capable of transducing negative pressure to the wound bed and aiding fluid removal and it is reported not to be susceptible to tissue in growth. 15 Gauze may have a second utility over foam in that foam needs to be cut to the size of the wound, whereas you do not need to cut gauze as precisely, thus making it easier to apply the filler.
Long-Lasting Effects
One limitation of the present study is that blood flow was measured upon reaching a steady state, which typically occurred within 30 seconds after negative pressure application. It has recently been shown that the positive pressure in the wound edge tissue lasts for a couple of hours, but then decreases to approach baseline values within 24 hours (not published). This may be a result of the tissue acclimatizing to the pressure, for example, equilibrating interstitial fluid contents and other remodeling processes of the tissue and vascular bed. It cannot be deduced from the present study whether the blood flow effects of NPWT are only transient or if they last over longer periods of time. Presumably, the effects of NPWT on microvascular blood flow relate to the pressure in the tissue and may also wear off over time. It may be speculated that changing the wound dressing and reapplying negative pressure may result in restimulating microvascular blood flow. Indeed, it was shown that the positive pressure in the tissue came back after changing the NPWT dressing (not published).
Reactive Hyperemia
The present results show that when NPWT is turned off, blood flow does not return to baseline values but remains at high levels for up to 10 minutes. This effect was most evident in superficial tissues. Similar results have been shown before for NPWT and polyurethane foam. 8 Presumably, hypoperfusion to and interruption of blood flow results in the accumulation of metabolic waste products and vasodilatory agents, such as lactate and adenosine. When NPWT and the compression of superficial tissues are alleviated, this vasodilatation results in increased blood flow, that is, reactive hyperaemia.
Different Levels of Negative Pressure
The level of negative pressure for optimal wound healing is not known. Morykwas et al, 13 suggested that the stimulation of granulation tissue is related to the level of negative pressure, although results were only reported for Ϫ25, Ϫ125, and Ϫ500 mm Hg. The present study show similar blood flow effects when studying clinically relevant negative pressures of Ϫ50, Ϫ75, Ϫ125, Ϫ150, and Ϫ175 mm Hg. Furthermore, wound contraction in gauze and foam filled wounds in this model is similar across these negative pressures. 22 Taken together, these results suggest that, within this pressure range, other considerations, such as pain, may be more important when deciding which level of negative pressure to use for patients to facilitate wound volume reduction.
CONCLUSIONS
To our knowledge, this is the first study to analyze the wound edge microvascular blood flow effects of NPWT using gauze. The results show a similar pattern of blood flow effects from NPWT to those previously observed using polyurethane foam. 7, 8 Upon the application of negative pressure, blood flow decreased in the superficial wound edge (0.5 cm from the wound edge) and increased further into the tissue (2.5 cm from the wound edge). This combination of hyper-and hypoperfusion may be one of the mechanisms by which NPWT enhances wound healing. Increased blood flow facilitates the penetration of oxygen, nutrients, immune cells, and systemically administered antibiotics to the tissues, while decreased blood flow elicits the release of factors that stimulate angiogenesis and granulation tissue formation. Similar blood flow effects were observed at different levels of negative pressure (Ϫ50, Ϫ75, Ϫ125, Ϫ150, and Ϫ175 mm Hg) and it may be speculated that other considerations, such as pain, may be more important when deciding which level of negative pressure to use for patients.
